Abstract: Describing spatiotemporal patterns of agricultural biodiversity may be an important step toward better understanding its effect on agroecosystem services.
A gricultural biodiversity encompasses all forms of life directly relevant to agriculture, including crop species and varieties, wild crop relatives, and animal species and breeds, as well as many other organisms such as soil fauna, weeds, pests, and their predators. Some of this biodiversity occurs mostly in agricultural fields, but other organisms depend on nonagricultural landscape elements that, for example, provide shelter for pollinators and other beneficial insects or harbor wild crop relatives (Galluzzi et al., 2011; Kremen et al., 2002) .
It has been suggested that agricultural biodiversity is generally declining due to the spread of modern and industrialized agricultural practices, such as the removal of noncrop habitats, large field sizes, farm specialization, the use of fertilizers and pesticides, and a reduction in the number of varieties used (Bradshaw et al., 2004; Frison et al., 2011; Kremen et al., 2002) .
It is clear that maintaining a certain degree of agricultural biodiversity is essential for a sustained food supply, but beyond extreme conditions, the relationship between agricultural biodiversity, productivity, and other agroecosystem services is not well understood. This is in part because biodiversity is a fairly complex concept that operates at different levels of biological organization (genes, individuals, populations, species) and across spatial (fields, regions) and temporal scales (Lin, 2011; Shaw and Osborne, 2011) , making its effect highly context specific. Moreover, very little systematic empirical study has been done of the changes in different levels of agricultural biodiversity and their effect. Describing spatiotemporal patterns in different aspects of agricultural biodiversity may be an important step toward a better understanding of its value.
In the study of changes in agricultural biodiversity, most attention has been given to changes in crop and livestock genetic diversity (e.g., Bonnin et al., 2014; Brush, 1995; Dyer et al., 2014; van Etten, 2006) . Genetic diversity is a resource for scientific breeding programs and supports local adaptation and crop evolution (Vigouroux et al., 2011) , while "genetic erosion"-the Spatiotemporal Patterns of Field Crop Diversity in the United States, 1870-2012 loss of local agricultural genetic resources-has been a concern for several decades (FAO, 1997) . Even so, the amount of genetic change in crops has not been rigorously established for most major crops and areas, partly due to the lack of high-quality baseline datasets (Dyer et al., 2014) . A considerable number of studies have been done on the genetic diversity in cultivars from plant breeding programs (van de Wouw et al., 2010) . Much less attention has been given to documenting changes in species-level agricultural diversity at field, landscape, or regional scales. A notable exception is the Aguilar et al. (2015) study of county-level crop diversity for the United States between 1978 and 2012, which showed an overall decline in diversity but increases in some areas.
In this article, we describe changes in field crop species diversity in the United States over the past 142 yr at the national and state levels. Field crop diversity has important ecological functions. In most cropping systems, crops are alternated in space and time (crop rotations) to reduce pest and disease pressure and to better exploit and maintain soil fertility (e.g., Di Falco and Chavas, 2006; Gaudin et al., 2015a Gaudin et al., , 2015b Gurr et al., 2003; Li et al., 2009; Lin, 2011; McDaniel et al., 2014) . The overall crop mixture in a region can also affect the prevalence of pests and their natural enemies (Landis et al., 2008; Shaw and Osborne, 2011) , and having many crops could work as an economic hedging strategy against the failure of a particular crop (Bradshaw et al., 2004) . In some contexts, a diverse set of crops produced on a farm may be associated with diverse diets and better nutrition (Frison et al., 2011) . However, increasing agricultural biodiversity on farms can also be associated with reduced productivity (Gabriel et al., 2013) and may not be attractive to farmers for economic reasons (Bradshaw et al., 2004) .
Our larger aim with this study is to contribute to a better understanding of changes in different levels of agricultural biodiversity in space and time and, eventually, to better understand the causes and implications of these patterns.
Materials and Methods
In the United States, there has been an agricultural census every decade between 1840 and 1920, and every four or five years after 1920. Since its establishment in 1862, the USDA has also produced annual production estimates for major crops in intercensal years, based on farmer surveys and supplemented and cross-checked with state-level enumerations and other data sources such as shipment data. These survey data were subject to retroactive adjustments based on the census data (USDA, 1937) . Since 1954, the USDA National Agricultural Statistics Service has developed area sampling frames in which a stratified multistep sample is taken from a list of all parcels of land (Davies, 2009) . In this study, we used statelevel crop area survey data for the United States from 1870 to 2012 and agricultural census data for 1997 , 2002 , 2005 , and 2012 (USDA National Agricultural Statistics Service, 2015 . The main difference between the survey and the census is that the census includes data on minor crops, but census data for these minor crops are not available in digital form for years before 1997.
We used survey data for the following 22 major field crops: barley, dry bean, cotton, flaxseed, lentil, maize, oats, peanut, pea, potato, rapeseed (canola), rice, rye, safflower, sorghum, soybean, sugarbeet, sugarcane, sunflower, sweetpotato, tobacco, and wheat. Dry beans may actually represent multiple species, but it was assumed to be mostly Phaseolus vulgarus. The data for these crops appeared to be reasonably complete and consistent. There were a few missing values (years), which were imputed by linear interpolation between the nearest data points for the same crop and state. In some cases, there were missing values that should have been zero as they were preceding the introduction of the crop in a state (notably soybean). In those cases, we set the crop area at 0 ha 10 yr before the first record in that state and linearly interpolated the values for the years in between.
We used state-level data for the contiguous United States only, that is, excluding Alaska and Hawaii. There were no data for the District of Columbia (a city with the status of state). The small states Connecticut, Massachusetts, New Hampshire, Rhode Island, and Vermont were combined with Maine as "New England. " Delaware was combined with Maryland into a single unit "Maryland and Delaware. " This resulted in a total of 42 spatial units, which we refer to here as states.
Following Jost (2006) and Tuomisto (2010) , we computed diversity (D) as
where p i is the proportion of crop i (out of n crops) and H is the Shannon diversity index. Taking the exponent of H makes the index more meaningful: a value of D means that diversity is as high as having D species at equal proportions (Jost, 2006 ). We computed state-level (a) and national-level (g) diversity and derived b diversity (turnover) as follows (Jost, 2006) :
where a is the mean diversity for all states. Thus if all states had the same proportions for all crops, a = g and b = 1. Values larger than 1 indicate the degree of spatial turnover (dissimilarity) among states in their crop diversity. There were more field crops than the 22 we considered. The agricultural census also has data on buckwheat, sesame, spelt, sugarcane, and triticale, but data for these minor crops were absent or inconsistent in the survey data, precluding comparisons over space and time. Including minor field crops in our analysis would not have influenced the results much because they are not widely grown and would therefore only have a small influence on the diversity index used. To check this assumption, we computed diversity for our set of 22 field crops and for the 27 field crops reported by the agricultural census data for 4 yr (1997, 2002, 2007, 2012) . We also used the census data to compare diversity estimates for the 22 field crops and for all 116 crops listed in the census, including horticultural crops (small fruits and vegetables), and tree crops (fruits and nuts).
Results

National-Level Diversity
Between 1870 and 1914, there was a steep linear increase in field crop acreage from 36 million ha in 1870 to about 100 million ha in 1914. Since 1914, total crop acreage has been rather stable at about 100 million ha (Supplemental Fig. S1 ). Between 1870 and 1914, four field crops dominated the landscape: cotton, maize, oats, and wheat. The acreage for these and most other crops increased during this period, but their proportions did not change much (Fig. 1) and diversity was relatively low and stable during this period. Between 1870 and 1914, national-level diversity increased steadily from 4.25, its lowest point for the entire time period studied, to 5.1 (Fig. 2) .
Around 1914, maize was an extraordinarily dominant crop in the United States, covering about 40% of the total field crops area, but the area planted with maize declined sharply after that, until it had nearly halved around 1960. Because of the decline of maize area and, after 1930, the rapid increase of soybean area, diversity increased strongly during this period, peaking at 7.6 in 1963. After that year, national-level diversity declined again, reaching 5.1 in 2012 (Fig. 2) . During this recent period, maize became more dominant again, while erstwhile major crops such as cotton, oats, and barley continued or started their decline (Fig. 1) . Currently, there are three major field crops (maize, wheat, and soybean) and several minor field crops in the United States.
State-Level Diversity
Average state-level diversity largely tracked nationallevel diversity (Fig. 2) . The gap between the two was largest between 1950 and 1970 and, as a consequence, b-diversity was highest (~1.75) during this time (1950 -1980 Supplemental Fig. S2 ). Diversity trajectories varied substantially between individual states. Among the few exceptions were the neighboring states of Indiana and Illinois as well as Florida and Georgia, which had very similar trajectories ( Fig. 3; Supplemental Fig. S3a and S3b).
Nevertheless, some clear regional patterns emerged. In 1900, diversity tended to be highest in the Northeast, in states bordering Canada and the Atlantic, and in Arizona (Fig. 4) . By 1950, states with high diversity were spread out over the country; it was particularly high in California, Texas, the Carolinas, South Dakota, Minnesota, and Michigan. However, by 2000, California, North Dakota, and the coastal southern states, especially Florida and Georgia, exhibited the highest levels of diversity. States in the center of the country (Midwest), such as Indiana, Illinois, Iowa, Kansas, and Nebraska, had a low diversity throughout the period of this study.
Of the 42 states evaluated, 22 had their highest level of diversity between 1941 and 1965. Twelve states reached peak diversity after that. Idaho had its highest diversity (4.8) in 2012. In contrast, field crop diversity in Washington peaked at 3.3 in 1880 (Fig. 3, 5) .
Survey versus Census Data
The comparison of survey and census data showed that, at least between 1997 and 2012, the differences between the census data and the survey data were generally small, with the census data likely more reliable (Supplemental Fig. S4 ). For the census data, the diversity computed using the set of 22 field crops was quite similar to diversity for all field crops (Supplemental Fig. S5 ). The census data also showed that state-level field crop diversity is strongly related to diversity of all crops (including horticulture and tree crops). However, there were some clear outliers (Supplemental Fig. S6) . Notably, crop diversity in California was much higher when considering all crops. This is due to the large areas in California that are planted with tree crops such as citrus, walnut, and almond and other minor crops such as tomato and strawberry. Other states with a higher overall crop diversity when considering all crops were Arizona, Florida, New England, New Jersey, Oregon, and Washington. 
Discussion and Conclusion
Field crop diversity in the United States has been declining at the national level, but it has not been a steady decline from some original high level as is often assumed. Field crop diversity was in fact very low at the end of the 19th century, in an era of relatively stagnant yields, strong population growth, and the westward expansion of the agricultural frontier. Diversity peaked around 1960 due in a large part to the simultaneous decline of maize and the spectacular expansion of soybean. In the 1960s, there was a "middle class" of field crops, including oats and cotton, which has now disappeared, leading to the current domination by the big three: maize, wheat, and soybean. Because of this, species-level crop diversity is now similar to what it was at the beginning of the 20th century. Currently, diversity is particularly low in some parts of the Midwest, where there are essentially only two field crops: maize and soybean. But this low diversity is not a recent phenomenon. In 1930, for example, when there were hardly any soybeans in Iowa, 56% of the field crop area in that state was planted with maize and 36% with oats. In their county-level study, Aguilar et al. (2015) showed this more recent (the past 35 yr) decline in diversity in more spatial detail. Our analysis covers a much longer time period and provides the additional insight that field crop diversity has been declining for a longer time (since 1960) but that it remains higher than the levels observed in the 19th century.
State-level analysis of course hides diversity at lower levels of aggregation. More disaggregate data can reveal within-state differences (Aguilar et al., 2015) , and future work could address that by digitizing historical census data to look at all crops (including horticulture, fruit and nut) at the county level. More recent patterns of diversity could be studied with the high spatial resolution datasets that the USDA provides (Boryan et al., 2011) if the quality of the datasets supports that (Larsen et al., 2015) .
Crop-level diversity in the United States has been highly dynamic. There has not been a simple decline of this diversity over time, and the patterns of change have been quite different among states. Future research could examine the drivers and effects of these patterns in agricultural biodiversity. 
